This manuscript investigates the degradation efficiency of a cytostatic agent imatinib mesylate (IM) by Fenton process. The objective of the study is to determine the effect of initial concentrations of hydrogen peroxide, ferrous ion and IM on the degradation process of IM. In this context, the overall research is conducted in two stages. The first stage of experiments involves the evaluation of the experimental parameters impact on the IM removal using the factorial design; whereas the second one includes the optimization conditions for IM degradation using Doehlert design. Different concentrations of H 2 O 2 (10-50 mmol L −1 ), Fe(II) (0.5-3 mmol L −1 ) and IM (0.045-1.7 mmol L −1 ) are adopted both to assess the main effects of factors and their interactions on the anticancer destruction and to establish the optimum process variables that ensure its total removal. The factorial matrix considering different combinations of factors and levels demonstrates that the concentrations of Fe(II) and IM are the most determining parameters on the removal of the target molecule. The Doehlert matrix reveals that the maximum IM abatement is predicted to be 100.59% (± 0.63) when the optimized reaction conditions are set at 30 mmol L −1 for H 2 O 2 and 2.5 mmol L −1 for Fe(II).
Introduction
Cancer is one of the most dangerous diseases around the world. Since its incidence is increasing, the consumption of anticancer drugs has consequently been improved over the last years. These agents have revealed potent cytotoxic, genotoxic, mutagenic, carcinogenic, and/or teratogenic effects in numerous organisms, since they have been designed to disrupt or prevent cellular proliferation, usually by interfering in DNA synthesis [1] . Recent studies have shown that mixtures of anticancer substances in real samples possess a significant toxicological effect comparing with the individual drug [2] . In any case, chemotherapy agents are thus considered as emerging and recalcitrant pollutants, which cause a direct threat to the aquatic life and a potential health risk to humans.
A very interesting field of concern is what to do with these types of wastewater generated especially from pharmaceutical industry that contains structurally complex organic compounds which are either toxic or non-biodegradable. For this reason, conventional treatment methods are often incomplete and inefficient [3, 4] to treat this type of pharmaceutical wastewaters and hence different and more effective treatment options should be explored and evaluated. One of the most promising treatment is the advanced oxidation processes (AOP). Owing to their powerful capability to oxidize several organic compounds into CO 2 and H 2 O, AOPs have been selected for various applications [5, 6] . They are characterized by the production of hydroxyl free radicals (HO · ) which have a high oxidizing potential. Among these, Fenton's oxidation which is a very efficient process used for the elimination of different hazardous organic pollutants from wastewaters as mentioned in a comprehensive review by Neyens and Baeyens [7] . In addition, Fenton process (FP) is based on the highly reactive HO · formed under acidic conditions as a result of the reaction between hydrogen peroxide (H 2 O 2 ) and ferrous ions (Fe 2+ ) which is 1 3
called as Fenton's reagent [6, 8] . This is an attractive oxidative system for water treatment since required reagents are readily available, easy to manage, safe and they do not cause environmental damages [6, 9, 10] . Another advantage of the Fenton reagent is that the activation of H 2 O 2 does not require any energy input. Therefore, this method offers a cost-effective source of hydroxyl radicals. However, the only disadvantage in using this process is the formation of a substantial amount of Fe(OH) 3 precipitate which contains large quantities of adsorbed organic compounds. Therefore, works are performed to reduce the Fe 2+ content in Fenton's reagent. The optimization of Fe 2+ is necessary as an excess of iron would improve the generation of a lot of ferrous ion, which consume and then scavenge free radicals resulting in reduced degradation efficiency. Also treatment cost will rise by using an excessive quantity of iron salts as the amount of sludge increases introducing enhanced treatment costs [8] .
The oxidation is based on Fenton's reagent, and it takes advantage from the very high reactivity of the free radical formed in acidic solution by the catalytic decomposition of H 2 O 2 [6, 11] . The conventional Fenton Process is primarily described by Haber and Weiss [12] . They have shown that this catalytic decomposition followed a complex radical chain mechanism as described by the Eqs. (1-7) [6, [12] [13] [14] [15] :
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Besides, FP depends on various factors: pH, H 2 O 2 concentration, ferrous ions concentration, temperature and reaction time. Generally, for the homogeneous Fenton reaction, the optimum pH should be between 2 and 4 to produce the greatest amount of hydroxyl radicals to oxidize organic compounds [6, 8, 16, 17] . Therefore, pH value should not be too low because at these pHs excessive H + reacts with H 2 O 2 to produce H 3 O 2 + , which is stable and cannot react with Fe(II) to form the HO · species. Additionally, hydroxyl radicals can also be scavenged by excessive H + [5] . On the other hand, at high pH (> 4), the formation of Fe(II) complexes decreases the production of free radicals and also the regeneration of
ferrous ion gets prevented by the precipitation of ferric oxyhydroxides thereby bringing down the pollutant degradation rate. In addition, higher pH enables the oxidation potential of hydroxyl radicals to be reduced which also leads to a decline in the degradation rate of the pollutant [8] .
To our knowledge, no study was performed to investigate the degradation of imatinib mesylate (IM) (Fig. 1) ; also known as STI 571 and which is one of the most frequently administered anticancer drug worldwide; by Fenton process using the experimental design methodology. Therefore, the objective of this paper is to adopt the Fenton process in order to remove this pharmaceutical pollutant of emerging concern. In this present study, the effect of experimental conditions such as ferrous ions catalyst, H 2 O 2 and IM concentrations was investigated while the pH was set at its optimal value 3 based on literature cited before and also on the study achieved by Governo et al. [10] . This latter study had evaluated the Fenton's Process performance in a real wastewater spiked with a cytostatic agent and the pH was fixed at 3 its optimum value.
Although many researchers have usually only focused on the single-factor-at-a-time approach studying the effect of each experimental parameter on the process performance while keeping all other conditions constant, this type of approach does not take into account cross-effects from the factors considered and leads to a poor optimization result [11] . Hence, two experimental design methodologies (the factorial matrix and the Doehlert experimental design) have been adopted successively to evaluate the effect of factors, their interactions and to determine the optimal operating conditions that ensure the total removal of IM.
Experimental
Chemicals
Imatinib mesylate; which was procured from Dr. Reddy's Laboratories Limited; is designated chemically as
-phenyl] benzamide methane sulfonate). It is a protein tyrosine kinase inhibitor that was developed in the 1990s and is used to deal with chronic myeloid leukaemia, gastrointestinal stromal tumours [18] and a number of other malignancies. It kills cancer cells by blocking the action of tyrosine kinases.
Fenton's reagent was composed of hydrogen peroxide (H 2 O 2 , 30% w/w) and heptahydrated ferrous sulfate (FeSO 4 ·7H 2 O) used as a ferrous ions source. These reagents were supplied by Fluka (Switzerland) and VWR BDH Prolabo (France), respectively. Sulfuric acid (H 2 SO 4 ) and sodium hydroxide (NaOH) were procured from Sigma Aldrich (Germany). The other chemicals used for chromatographic analysis such as acetonitrile, 1-octane sulphonic acid sodium salt and the ortho phosphoric acid were purchased from Carlo Erba (France), Loba Chemie (India) and VWR Chemicals (France), respectively. High purity water, obtained from a Millipore Milli-Q plus purification system, was used for the preparation of all the solutions.
Experimental Procedure
Preparation of the Synthetic Solution
Stock solutions were composed of requisite amounts of the cytostatic agent, weighed and dissolved in Milli-Q water reaching concentrations of 0.045 mmol L −1 and 1.7 mmol L −1 .
Fenton Degradation Procedure
In accord with the preliminary tests we have conducted and based on previous research revealing that the optimum pH value was about 3, Fenton treatments were carried out by varying H 2 O 2 , Fe(II) and IM initial concentrations. Indeed, all these trials were performed, at ambient temperature (20 ± 2 °C), in an open and undivided glass cell containing; in each run; 250 mL of synthetic IM wastewater at a specified initial concentration. The pH of solutions, measured with a Mettler Toledo SE S470-K pH-meter, was first adjusted as we have mentioned to 3 with H 2 SO 4 to prevent the formation of iron oxyhydroxides. Then, in order to initiate the oxidation, appropriate quantity of the Fenton reagent was added to the solution. This mixture was stirred continuously with a magnetic stirrer. Samples were taken out periodically from the cell. Consequently, while rising the pH value to 8 with NaOH, the production of hydroxyl radical is effectively prevented [19] , and thus the FP is stopped. Finally, the liquid was immediately filtered and analysed for pollutant concentration.
Experimental Design
Experimental design of the FP for IM degradation was carried out using successively full factorial design and Doehlert design methodologies. Experimental data and the variance analysis (ANOVA) were performed using NEMRODW software.
Interactions between the process variables were graphically illustrated by plotting the three-dimensional (3D) response surface and the two-dimensional (2D) isoresponse curves.
In our case, a two level full factorial design 2 k was firstly employed to evaluate the main and interaction effects of the factors on the removal rate of our cytostatic agent. where Y represents the experimental response which is the IM removal rate, b 0 is the constant coefficient of the model, X i is the coded variable (− 1 or + 1), b i represents the estimation of the principal effect of the factor i for the response Y, whereas b ij represents the estimation of the interactions between factor i and j.
Subsequently, the Doehlert experimental design was used to investigate the optimal conditions of the two quantitative factors (U 1 and U 2 ); in the all experimental field; for the removal of IM by FP. The experiment region investigated for IM degradation and the coded values; for both factorial and Doehlert design methodologies; were summarized in Table 1 .
Where U i (0) = (U i,max + U i,min )/2 represents the value of U i at the center of the experimental field and ΔU i (0) = (U i,max − U i,min )/2 represents the variation step; with U i,max and U i,min are respectively the upper and the lower limits of U i .
The choice of Doehlert design is justified by its multiple advantages such as its spherical experimental domain with an uniformity in space filling, its ability to explore the whole of the domain, and its potential for sequentially where the experiments can be reused when the boundaries have not been well chosen at first [20] . It consists on N experiments with N = k 2 + k + 1, where k is the number of variables. For k = 2, the matrix is composed of 7 experiments which were uniformly distributed within the space of the coded variables (X i ). To obtain an estimation of the experimental error three replicates of the center point were added. Indeed, the experimental response is described by a second order model which allows us to predict the response in all experimental regions from the following equation:
where Y, experimental response; b 0 , constant of the model; b i , estimation of the principal effect of the factor i; b ii , estimation of the second order effects and b ij is the estimation of the interactions between factors i and j for the response Y.
All the experiments were carried out in triplicates and each data point represents the average value of triplicates.
Analytical Determination
High Performance Liquid Chromatography (HPLC)
IM degradation was monitored by a Waters High Performance Liquid Chromatography system (Alliance e2695 model) equipped with a photodiode array detector (2998) under the following conditions: C-18 reverse phase column, two mixtures composed of 1-octane sulphonic acid sodium salt, acetonitrile, ortho phosphoric acid and purified water as two mobile phases, gradient elution mode and 1 mL min −1 flow rate. The injection volume was 10 μL and detection was performed at 234 nm and 267 nm. The chromatographic data were monitored with the EMPOWER 3 manager software. The mineralization rates of IM under optimal operating conditions were monitored by measuring the TOC by the mean of a TOC analyser (Sievers 900, GE). Indeed, measurements were applied to the solution containing the target molecule, having the highest and the lowest studied concentrations, before and after degradation.
Results and Discussions
Effect of the Experiment Parameters on the IM Degradation Using the Experimental Factorial Design Methodology
The experimental design and the obtained results are represented in Table 2 . The coefficients of the polynomial model were calculated by means of NEMRODW Software according to Eq. (8):
The effects of the various studied factors are represented in Fig. 2 . This latter indicates that: Therefore, the effect of Fe(II) concentration (X 2 ) depends on the level of IM concentration (X 3 ) and vice versa. Although this interaction has a positive effect, the other interactions have a low influence on the studied response (removal rate of IM).
The importance of factors and their interactions has been put into evidence using graphical Pareto analysis [21] which gives more detailed and important information to interpret this result. In fact, this analysis calculates the percentage effect of each factor on the response, according to the following relation [22] : Figure 3 shows the Pareto graphic analysis. It confirms that the IM concentration and the ferrous ions concentration are the most critical and decisive factors on the removal rate of the cytostatic agent. The contributions of their principal effects on the removal rate of IM are 35.471% and 32.198% respectively.
Moreover, these two factors have an important and meaningful interaction. Therefore, more than 99.9% of the response is generated by these two factors and their interaction. However, the concentration of H 2 O 2 and the other interactions (X 1 X 2 , X 1 X 3 and X 1 X 2 X 3 ) have a negligible effect. They represent only 0.1% of the response.
The interpretation of the interactions X 1 X 2 , X 1 X 3 and X 2 X 3 can be facilitated by inspecting Fig. 4 .
Each summit of the square represents a combination of the levels of the two factors [23] ; for example: Fe(II) concentration and H 2 O 2 concentration.
For instance, in Fig. 4a , the corner at the top (at the left) of this figure corresponds to Fe(II) concentration equal to 3 mmol L −1 and H 2 O 2 concentration of 10 mmol L −1 . The maximum removal rate of 99.83% was obtained under these conditions. The ferrous ions concentration (X 2 ) had a notable and significant impact on the response. When the concentration of hydrogen peroxide (X 1 ) was fixed at the lowest level (10 mmol L −1 ) or at the highest level (50 mmol L −1 ), the average rate of the cytostatic agent degradation passed from 99.83 to 78.35% and from 99.09 to 77.17%, respectively; while decreasing the concentration of X 2 .
The same approach can be applied to interpret X 1 X 3 and X 2 X 3 interactions (Fig. 4b, c) .
It can be noticed that the concentration of IM (X 3 ) had a significant impact. The maximum removal rate of IM (100%) was reached with the lowest IM concentration independently of the effect of X 1 and X 2 . The concentration of H 2 O 2 (Fig. 4b) had a negligible effect on the response which decreased only from 78.18 to 76.26% at the lowest level of X 3 (0.045 mmol L −1 ) and was the same (100%) at the highest level of IM. Although the ferrous ions concentration had not an impact on the response when the concentration of IM (X 3 ) was fixed at the lowest level (0.045 mmol L −1 ), it had a remarkable and significant influence at the highest level of X 3 (1.7 mmol L −1 ). The average rate of the cytostatic agent degradation increased from 55.52 to 98.92%.
These conclusions are reliable based on the tendency of the response, which is extremely influenced by the factors having a significant effect [23] . A total removal of the cytostatic agent was achieved while proceeding with the lowest concentration of IM. Considering now high concentration of IM, the best result for its degradation was recorded (98.92%) at a high ferrous ions concentration (3 mmol L −1 ). We can conclude that the Fenton treatment performance is optimal when working with a high concentration of ferrous ions.
Finally, the factorial design was useful to determine the interactions affecting the response and to indicate if the lowest or the highest levels of the factors are favorable or not [24] . Indeed, this kind of model did not seem suitable for the prediction and the determination of the optimal conditions. Therefore, a surface response methodology should be used as a second step to optimize the experimental parameters in order to improve the degradation efficiency of high levels of IM.
Optimization Conditions for IM Degradation Using Doehlert Experimental Design Methodology
The experiments and experimental results; defined by the Doehlert matrix; are presented in Table 3 . The results obtained from the three replicates of the center point (0, 0, 0) were nearly the same which indicates the reproducibility of the data.
The calculation of coefficients is carried out in the experimental field (Table 3 ) using the least squares method [24] :
with B is the vector of estimates of the coefficients, X
T is the transposed model matrix, X is the model matrix and Y
is the vector of the experiment results. The transformation of experimental values (U i ) into coded variables (X i ) was calculated using the following equation [25] :
According to the obtained results, polynomial model coefficients were determined by the mean of NEMRODW software:
The obtained coefficients related to X 1 , X 2 1 , X 2 2 and X 1 X 2 are negative. They indicate the unfavourable effects on the IM removal rate. Besides, the positive coefficient related to X 2 indicates favourable effect on the cytostatic agent degradation yield. The analysis of variance (ANOVA) and the p value significance levels were adopted to test the statistical significance of the second-order polynomial model. The ANOVA results are shown in Table 4 .
A test based on the Fisher distribution (F test) indicated that the fitted equation is statistically significant (F = 208.1304 > 9.013) and has a low probability value (p < 0.1%). The best fit of the model was also justified by the lack of fit (F = 6.4864 < 18.51) and by the high value of the determination coefficient (R 2 = 0.997). This latter shows that 99.7% of the total variation in the residual activity was explained by the second-order polynomial predicted Eq. (14) . In addition, the value of the adjusted coefficient of determination ( R 2 Adj = 0.992) is also very high to advocate for a high significance of the model [26] .
Hence, the closer the values of R 2 to 1, the better the model would explicate the variability between the measured and the predicted values [27] . So, we can deduce that the response Y is adequately described by the secondorder polynomial model and the Y values could be calculated in the studied field.
The comparison between experimental and model predicted values of IM degradation rate is reported in Fig. 5 . These results are in good agreement and in harmony with the statistical significance of the polynomial model presented in Table 4 .
The isoresponse curve and its corresponding threedimensional response surface plot related to IM degradation rate as a function of Fe(II) and H 2 O 2 initial concentrations are represented in Fig. 6 . This graphic analysis showed that the IM degradation rate increases with hydrogen peroxide and ferrous ions initial concentrations. The cytostatic agent removal percentage is maximum in the region from 16 to 37 mmol L −1 (for H 2 O 2 concentration) and from 2.3 to 3.2 mmol L −1 (for Fe(II) concentration). This can be justified by the increase of hydroxyl radicals' production which degrades more the anticancer agent.
Further, minimum removal efficiency was noted with higher concentration of H 2 O 2 (> 37 mmol L −1 ). This slow decomposition of IM was caused by the hydroxyl radical scavenging effect of H 2 O 2 (Eqs. 15, 16) and the recombination of hydroxyl radical (Eq. 17) [15, 28] :
According to the literature, applying a large initial dose of H 2 O 2 is less efficient than its stepwise addition [29] . Thus, it is judicious to control the initial concentration of H 2 O 2 to have a sufficient amount for the degradation of IM without having an adverse effect on the removal rate or the cost of the treatment.
As it can be also observed from Fig. 6 , the degradation efficiency of IM was improved by increasing the initial concentration of ferrous ions. This can be also explained by the increase of hydroxyl radicals. Indeed, the removal rate had increased from 62 to 100% while adding Fe(II) from 0.7 to 2.3 mmol L −1 . Finally and based on the predicted results, we can conclude by moving along the major and minor axis of the contour that the optimal values for the variables allowing to achieve a total removal of the cytostatic wastewater (Y pred = 100.59% with an error of 0.63) were 30 mmol L ferrous ions concentration. These values were experimentally validated. In fact, the experimental obtained result was 100% which is in accordance with the statistical one. The mineralization of this target anticancer was also evaluated under these optimal operating conditions. A final TOC value, measured after degradation, was equivalent to 366 mg L −1 while the initial one was equal to 532 mg L −1 which implies a mineralization rate of 31.2%. This latest rate, showing the impossibility of overall mineralization, could be explained by the generation of carboxylic acids especially Fe(III)-carboxylic acid complexes derived from the mineralization of the cytostatic agent [6] .
Conclusions
In this study, the degradation of a hazardous substance the IM was investigated; to our knowledge for the first time; by applying the Fenton process. Hence, two experimental design methodologies have been adopted successively to evaluate the effect of factors, their interactions and to define the optimal operating conditions that ensure the total removal of IM.
The factorial matrix, which is the first experimental design employed in this work, demonstrated that the IM concentration and the ferrous ions concentration are the most determining parameters on the removal of IM. Indeed, more than 99.9% of the response is bringing by these two factors and their interaction. It is evident from this model that a total removal of the cytostatic agent was achieved with a lowest concentration of IM. Nevertheless, while operating with high levels of the pollutant concentration, the best performance was 98.92% at 3 mmol L −1 of Fe(II).
Optimal experimental conditions for the removal of the anticancer wastewater by Fenton Process were defined by the Doehlert matrix. The maximum removal rate was predicted to be 100.59% when the optimum molar ratio of Fenton reagent (H 2 O 2 /Fe 2+ ) was set at 12 (30 mmol L −1 H 2 O 2 /mmol L −1 Fe(II)). This estimation was deduced by a statistical significant model (R 2 = 0.997). Therefore, it is appropriate to apply the Fenton process in the advanced treatment of industrial effluents containing other cytotoxic substances. It is an efficient method that does not require expensive apparatus, hardly available reagents and which yields nontoxic products (carbon dioxide and water) or simpler biodegradable particles.
